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Annual S ta tus  Report 

fo r  t h e  per iod September 1, 1966 to  February 28, 1967 

NASA Grant NsG655/36-013-002 

Pr inc ipa l  Inves t iga tor :  Karl J .  Casper 

Summary 

The work described i n  t h i s  s t a t u s  r epor t  covers  t h e  per iod 

September 1, 1966 to  February 28 ,  1967. Research c a r r i e d  out  during t h e  

per iod March 1 ,  1966 t o  August 31, 1966 has been covered i n  t h e  s e m i -  

annual s t a t u s  r epor t  issued f o r  t h i s  per iod and i n  a sepa ra t e  r epor t  

e n t i t l e d  The In t e rna l  Compton Effec t  issued on August 10,  1966. 

The research reported here i s  d i v i d e d  i n t o  t h r e e  sec t ions :  

1 .  Si l i con  and germanium l i t h ium d r i f t i n g  apparatus .  

2.  Computer program f o r  gamma ray photopeak f i t t i n g ,  

3. Determination of response of l a r g e  volume s i l i c o n  

de tec to r s .  
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S i l i c o n  Lithium Dr i f t i ng  Apparatus 

I n  a paper published by us1 on f a b r i c a t i o n  of l i t h ium d r i f t e d  

s i l i c o n  detectors, l i t t l e  mention was made of t h e  ac tua l  d r i f t  process and 

a s soc ia t ed  equipment. More a t t en t ion  was paid t o  procedures before and 

a f t e r  t h e  d r i f t  which appeared t o  be of considerably more importance f o r  

successfu l  f ab r i ca t ion  of l i t h i u m  d r i f t e d  s i l i c o n  detectors. A t  t h a t  t i m e  

two d r i f t i n g  c a n t r o l l e r s  were being used, one designed by Miller, e t  a l ,  

and t h e  o the r  by Goulding and Hansen. 

c o n t r o l l e r s  has  l e a d  t o  some d i f f i c u l t i e s  which have been encountered a s  

more detectors have been fabr ica ted .  

2 

3 However, d r i f t i n g  with these  

The c o n t r o l l e r  designed by Miller, et a l ,  pu lses  the vol tage  appl ied  

t o  t h e  diode and is coupled with an immersion heater so t h a t  the  d r i f t  

proceeds a t  cons tan t  power. Miller po in t s  out  t h a t ,  i n i t i a l l y ,  t h e  cu r ren t  

through t h e  diode is q u i t e  low so t h a t  the power d i s s ipa t ed  by t h e  diode is 

s m a l l  and usua l ly  not  a s  high as t h e  d r i f t  power desired.  Consequently, t h e  

h e a t e r  is used t o  increase  t h e  temperature 04 t h e  bath u n t i l  t h e  des i red  

d r i f t  power is  achieved. A s  t h e  d r i f t  cont inues ,  more power is d i s s ipa t ed  

by t h e  diode and less h e a t e r  power is  required.  A fluorocarbon (FC-43) bath 

with a bo i l ing  poin t  of 17OoC c a r r i e s  away heat  a t  a s u f f i c i e n t l y  high rate 

t h a t ,  along wi th  t h e  vo l t age  puls ing network, thermal runaway does not  occur.  

Unfortunately,  p a r t i c u l a r l y  a t  ea r ly  s t a g e s  of the  d r i f t ,  t h e  d r i f t  temperature 

of t h e  diode may be considerably i n  excess of 17OoC, even with very modest 

d r i f t  power. 

The l i t h ium d r i f t  process i s ,  i n  p r i n c i p l e ,  q u i t e  simple. The s i l i c o n  

is heated,  a f t e r  l i t h ium di f fus ion  i n t o  one f ace ,  and a reverse  b i a s  i s  appl ied,  

The l i t h ium ions  become q u i t e  mobile a t  e leva ted  temperatures gnd can d r i f t  
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r e a d i l y  through the  s i l i c o n  under t h e  inf luence  of t h e  electric f i e l d .  During 

t h e  d r i f t ,  t h e  l i t h ium ions  f i n d  themselves passing near  enough i n  space t o  
a 

t h e  boron impurity dopant atoms tha t  they are a t t r a c t e d  by t h e  Coulomb f i e l d  

and move i n t o  i n t e r s t i t i a l  compensating sites. Unless t h e  temperature becomes 

t o o  h igh ,  t hese  ions  w i l l  no t  move out of t h e  compensating sites. 

Two problems can a r i s e .  I f  t h e  temperature is too  high,  t h e  

l i t h ium may be unable to  s t a y  i n  the  compensating si tes,  move away, and t h e  

d r i f t  w i l l  not  accomplish i t s  purpose. Even below t h i s  temperature,  t h e  

number of thermally generated charge carriers wi th in  t h e  s i l i c o n  increases  

w i t h  temperature. These c a r r i e r s  can mask the  Coulomb f i e l d  of the impurity 

atoms and prevent t h e  l i t h ium ions from reaching t h e  compensating sites. 

The temperature where t h i s  prevents exact  compensation is a funct ion of the  

r e s i s t i v i t y  of t h e  s t a r t i n g  material and is not  e a s i l y  e s t ab l i shed  t h e o r e t i c a l l y .  

An experimental s tudy of t h i s  e f f e c t  is now under way. 

The Goulding-Hansen drifter uses  a power t r a n s i s t o r  a s  a hea t ing  

element and t h e  d r i f t  is c a r r i e d  out  i n  a i r .  A d r i f t e r  of t h i s  type was 

cons t ruc ted ,  but i t  was found d i f f i c u l t  t o  maintain d r i f t  temperatures over 

l l O ° C .  Furthermore, a r a t h e r  high q u a l i t y  s e l e c t i o n  process f o r  t h e  power 

t r a n s i s t o r  h e a t e r  was required.  The secondary breakdown vol tage  f o r  a 

t r a n s i s t o r  does have some temperature dependence and none of t h e  power 

t r a n s i s t o r s  l a s t e d  more than two weeks i n  operat ion.  F i n a l l y ,  t h e  low d r i f t  

temperature unreasonably increased the  d r i f t  time f o r  devices  having depths  

g r e a t e r  than 2 or 3 nun. 

Three parameters determine t h e  d r i f t ,  t h e  d r i f t  vo l tage ,  t h e  temperature 

of t he  d r i f t  and the  d r i f t  cur ren t .  Only two of t hese  can be f i x e d ;  t he  t h i r d  

must be f r e e .  A t  f i r s t  thought it would appear t o  be bes t  t o  f i x  t h e  vol tage  

and the d r i f t  temperature s i n c e  these two parameters determine t h e  d r i f t  rate. 
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However, i f  t h e  cu r ren t  i s  not  con t ro l l ed ,  runaway can occur producing 

improper compensation and i f  the  d r i f t  reaches the  o the r  f ace  of t h e  wafer 

before  t h e  d r i f t  is  stopped, t h e  cur ren t  w i l l  increase  r ap id ly ,  t h e  d r i f t  

w i l l  cont inue ,  and overcompensation w i l l  occur. Moreover, bath temperature 

is  not  t h e  temperature of the diode junc t ion  and may l a g  considerably behind 

junc t ion  temperature so t h a t  t h e  d r i f t  t i m e  cannot be accura te ly  predicted.  

Control of t h e  d r i f t  cu r ren t  and temperature l eaves  t h e  d r i f t  vo l tage  f r e e  

t o  vary over a very wide range and makes d r i f t  r a t e s  completely unpredictable ,  

Control of t h e  d r i f t  vo l tage  and cur ren t  has  proved t o  be t h e  most r e l i a b l e  

method. In  ac tua l  p r a c t i c e ,  t h e  temperature is  usua l ly  cons tan t  t o  wi th in  a 

few degrees and the  cu r ren t  can be changed t o  maintain f u r t h e r  t h i s  temperature 

s t a b i l i t y .  The d r i f t  c o n t r o l l e r  which w i l l  be described has severa l  o t h e r  

important f ea tu re s .  Not only is t h e  cu r ren t  con t ro l l ed  but cur ren t  l i m i t i n g  

is  employed so t h a t  thermal runaway is impossible. As t h e  d r i f t  reaches t h e  

o the r  f a c e  of t h e  wafer,  the  cur ren t  starts t o  inc rease ,  but t h i s  increase  

causes  a reduct ion of the bath temperature and the d r i f t  cu r ren t  remains q u i t e  

cons tan t  a s  t h e  bath is  cooled t o  room temperature.  The t i m e  f o r  t h i s  cool ing 

is seve ra l  hours and t h e  completion of t h e  d r i f t  is  determined by rout ine  

checks of t h e  apparatus.  The problem of overcompensation by continued high 

temperature d r i f t  is  thus  solved. Furthermore, i n  t he  apparatus  described, 

t h e  bath temperature never exceeds 15OoC, and i s  e a s i l y  kept below t h i s  

temperature. 

The c i r c u i t  diagrams f o r  the s i l i c o n  d r i f t i n g  apparatus  a r e  shown on 

pages 7-12. 

wrapped i n  a t i g h t  s p i r a l  a s  shown i n  Fig. 1. The t o t a l  r e s i s t a n c e  of t h i s  

wire is 3.9 ohms. Four power suppl ies  a r e  needed: t h e  DC l o g i c  c i r c u i t r y  

The heater element cons i s t s  of 12 f t .  of #16 Kanthal w i r e  
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uses  +16 and -24 v o l t  power suppl ies ;  t he  h e a t e r  is suppl ied from a 13 v o l t ,  

3,5 amp supply; 

l i m i t i n g  a t  35 ma. These power suppl ies  are shown i n  schematic drawings on 

pages 7 t o g .  Only t h e  hea te r  supply is not regula ted ;  t he  o the r  suppl ies  

use  conventional series regulat ion.  

t h e  d r i f t  voltage i s  maintained a t  200 v o l t s  with cu r ren t  

T rans i s to r s  T14 and T15 comprise t h e  cu r ren t  l i m i t i n g  sec t ion  of 

t he  200 v o l t  supply. The supply is  ungrounded up t o  t h e  input  of t h i s  

s ec t ion  and only grounded a t  t h e  output.  The cu r ren t  l i m i t i n g  ac t ion  is 

achieved by s t a rv ing  t h e  pass t r a n s i s t o r  T14 of base d r i v e  cu r ren t  when t h e  

maximum cur ren t  is  reached. I n  t h i s  case ,  a t  35 ma, t h e  vol tage drop across  

t h e  200 ohm resistor between t h e  base and emitter of T15 becomes s u f f i c i e n t l y  

l a r g e  t o  tu rn  T15 on. Current through t h e  1513 resistor is  then d ive r t ed  

through T15 ins t ead  of supplying base d r i v e  f o r  T14 and t h e  output cu r ren t  

does not  exceed 35 ma. The output impedance of t h e  supply increases  from 

t h e  normal value of 200 ohms t o  more than 10K ohms i n  t h e  cu r ren t  l i m i t i n g  

region.  

The bas ic  con t ro l  u n i t  is shown on page 11. A DC d i f f e r e n t i a l  

comparator cons i s t ing  of t r a n s i s t o r s  T1  and T2 is  switched whenever cu r ren t  

s tops  flowing i n  one of t he  1N4005 diodes and begins flowing i n  t h e  o the r  

diode. The crossover  poin t  occurs when the diode d r i f t  cur ren t  equals  the 

cu r ren t  i n  t h e  cu r ren t  demand switch r e s i s t o r .  The d r i v e r  s t a g e s ,  T3 and 

T4, provide power gain f o r  T8 which has  as i t s  load  t h e  Kanthal hea te r .  

The c o l l e c t o r  of T4 a l s o  d r ives  T5 and T6 which are lamp d r i v e r s  i nd ica t ing  

whether t h e  h e a t e r  is  on or o f f .  The 4 v o l t  lamps a r e  shunted by 6 v o l t  Zener 

diodes which conduct i f  t he  lamps burn out .  Additional v i sua l  i nd ica t ion  t h a t  

t h e  temperature has  dropped below 100°C i s  provided using the  c i r c u i t  shown on 
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page 12.  

t h e  temperature f a l l s  below 100°C. 

A thermistor is  used t o  i n d i c a t e  t h i s  s t a t e  tu rn ing  on a lamp when 

As shown i n  Fig.  1 ,  t h e  power t r a n s i s t o r  T8 is mounted near  t h e  d r i f t  

bath t o  minimize power l o s s  i n  the  w i r e s  t o  the  hea t ing  element. The e n t i r e  

apparatus  is contained wi th in  a ba t t e ry  j a r  and l o s s  of FC-43 t o  t h e  atmosphere 

is  reduced by a Viton gasket seal between t h e  j a r  and top  p l a t e .  Details of 

the  holder  showing t h e  arrangement of t h e  thermis tor  are shown i n  Fig.  2 

Thermal in su la t ion  of the jar  has  not  been found necessary,  but can be used 

t o  provide temperatures approximately 2OoC higher .  

The operat ion of t h i s  d r i f t e r  is nea r ly  automatic. A t  var ious t i m e s  

dur ing the  d r i f t ,  i t  is usua l ly  necessary t o  inc rease  t h e  cu r ren t  i n  order t o  

maintain a desired d r i f t  bath temperature, but t h i s  is t h e  only adjustment 

poss ib le .  The d r i f t  is stopped q u i t e  s a t i s f a c t o r i l y  a t  breakthrough and 

overcomgensation of t he  s i l i c o n  does not  occur. 
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Figure 1. Lithium d r i f t i n g  apparatus showing arrangement of j a r ,  power 

t r a n s i s t o r  and thermocouple lead.  
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Figure 2. Diode holder for lithium drifting apparatus showing mounting of 

silicon diode and position of thermistor. 
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Germanium D r i f t i n g  Apparatus 

Germanium d r i f t i n g  requi res  a s impler  apparatus  than s i l i c o n  

d r i f t i n g .  The d r i f t  1s never c a r r i e d  to completion, i .e . ,  t o  t h e  poin t  t h a t  

breakthrough occurs.  Rather t h e  d r i f t  is  stopped a t  var ious times, the 

depletion depth is checked and t h e  @ i f t  continued u n t i l  t h e  desired thickness 

is obtained. As a r e s u l t  a very simple power supply is  used w i t h  cu r ren t  

l i m i t i n g  achieved by t h e  use  of 100 watt l i g h t  bulbs i n  series and p a r a l l e l .  

The c i r c u i t  is shown in Fig. 3. Three 90 v o l t ,  3.5 amp transformers  

a v a i l a b l e  from J a n  Yeshna, Al le r ton ,  Ma8S.,  a r e  s tacked i n  series to t h a t  a 

maximum of 270 v o l t s  is avai lab le .  The autotransformer a t  t he  input  is  used 

to ad jus t  t h e  output vo l t age ,  and a bridge rectifier and capac i to r  provide 

adequate f i l t e r i n g .  

The vol tage  drop acrors t h e  bulbs is cur ren t  dependent so t h a t  a t  l o w  c u r r e n t s ,  

most of t h e  vol tage  i s  appl ied  t o  t he  load. Se lec t ion  of the  vo l t age  and 

l i g h t  bulbs permits  cu r ren t  l imi t ing  a t  any c u r r e n t  up t o  2 amperes. 

Light  bulb6 have proved to  be e f f e c t i v e  cu r ren t  limiters. 

I n  d r i f t i n g ,  t h e  d r i f t  temperature is selected by s e l e c t i n g  d i f f e r e n t  

f luorocarbon baths .  Usually t h e  diode w i l l  ?rift a t  a r e l a t i v e l y  high power 

and t h e  temperature w i l l  be t h e  bo i l ing  poiu t  of t h e  bath.  Where t h e  Giode 

does not heat the bath s u f f i c i e n t l y  t o  reach t h i s  point, a hot p l a t e  is  used 

t o  provide supplemental heatfng. In  genera l ,  however, such supplemental 

hea t ing  Is only required in tile i n i t i a l  s tageu  of t h e  d r i f t .  
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Figure 3 .  Germanium l i th ium dri f t  apparatus DC power control  u n i t .  
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2.  Computer Program for Determining t h e  Energy of Gamma Rays with Ge(Li) 

Detectors. 

The fol lowing report describes i n  d e t a i l  a computer program 

s u i t a b l e  for the  a n a l y s i s  of gamma ray spectra recorded with high reso lu t ion  

G e ( L i )  de tec tors .  
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ABSTRACT 

This computer program has been written to aid in the analysis of 

gamma-ray spectra measured with lithium-drifted germanium detectors. The 

program determines the position, height, full-width at half-maximum, and area 

of the photopeaks and the parameters of a linear equation representing the 

spectral distribution underlying the photopeaks. The program can analyze 

complex peaks containing as many as five components. Estimates of the standard 

deviations of all the parameters are computed. The results of the program 

are used to determine the energies and intensities of the gamma rays. The 

program contains provisions for both energy calibration and determination. 

From the positions of the photopeaks of accurately known energy, a second- 

degree equation relating the photopeak energy to position is calculated by 

least-squares. Estimates of the standard deviations of all computed quantites 

are available. 
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I - INTRODUCTION 

The program GRPPFP (gamma-ray photopeak f i t t i n g  program) has been 

developed f o r  use i n  t h e  ana lys i s  of gamma-ray spec t r a  obtained with G e ( L i )  

detectors. The program determines t h e  parameters of a Gaussian which provides  

t h e  bes t  l eas t - squares  f i t  t o  the  da t a  of a photopeak assoc ia ted  w i t h  a s i n g l e  

gamma r a y .  Complex photopeaks cons is t ing  of up t o  f i v e  components a r e  reduced 

to  ind iv idua l  photopeaks and es t imates  are made f o r  t h e  s tandard devia t ions  of 

t h e  computed parameters. The method presented here  is  very s i m i l a r  t o  t h a t  

developed by R. L.  Heath, e t  a l .  1-3 

The photopeaks a r e  represented by a Gaussian of t he  form 

The parameters u) t h e  full-width i n  channels a t  half-maximum, p , t h e  

pos i t i on  of t h e  c e n t e r  of t he  photopeak i n  channels ,  and A the  he ight  of 

the photopeak, a r e  ca l cu la t ed  using a conventional nonl inear  leas t - squares  

f i t t i n g  p r ~ c e d u r e . ~  The parameters a r e  determined by minimizing t h e  quan t i ty  

yi is  the  experimental datum f o r  the  i - t h  channel ,  w is  t h e  weight 
i where 

a s soc ia t ed  with y i l  yi 

a l l  t h e  da ta  po in t s  i n  t h e  f i t .  

- 
i s  the ca l cu la t ed  datum and t h e  summation i s  over 

In  order t o  meet various 

ava i l ab le .  The opt ions  present ly  

experimental  needs,  severa l  op t ions  are 

a v a i l a b l e  include:  
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1, Choice of weighting func t ions .  
2. Channels t o  be used i n  t h e  f i t .  
3. Number of photopeaks t o  which t h e  

4. Determination of energy c a l i b r a t i o n  

5. Determination of photopeak energies .  

f i t  is  t o  be made, 

parameters. 

Future  p lans  c a l l  f o r  the addi t ion of op t ions  t o  f i t  t h e  photopeaks i n  spec t ra  

obtained by s c i n t i l l a t i o n  spectrometry, t o  c a l c u l a t e  r e l a t i v e  i n t e n s i t y  

r a t i o s  and to  provide a graphic  record of t h e  f i t t i n g  r e s u l t s  with a CalComp 

565 prec is ion  p l o t t e r .  

I1 - THE NONLINEAR LEAST-SQUARES METHOD 

1. B s ~ l ~ - ~ ~ e e s ~ - ~ ~ - f ~ , - ~ ~ ~ ~ ~ ~ .  The purpose of a leas t - squares  f i t  i s  to 

f i n d  the values  of t h e  parameters a which minimize t h e  funct ion 
+ 

A necessary and s u f f i c i e n t  condition f o r  9, t o  be a minimum a s  a funct ion 

of CY is t h a t  
+ 

+ 
I f  ii 
f o r  ;; . 

is a l i n e a r  func t ion  of CY , equation (2) can be solved e x p l i c i t l y  

In  t h e  nonl inear  case ,  no such so lu t ion  e x i s t s  and some method of 

approximate l i n e a r i z a t i o n  must be used. 

One such method is t h a t  due t o  Gaussa4 I t  c o n s i s t s  i n  l i n e a r i z i n g  

t h e  func t ion  wi th  respec t  t o  2 
I f  Go is an i n i t i a l  estimate of , then 

through the use  of a t runcated Taylor series. 
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and 

--+ 
The parameters 6a0 a r e  then computed from the condi t ion  

Since t h e  higher order  terms have been neglected i n  equation (31, t h i s  is 

only an approximate so lu t ion  of equation (2). Therefore,  equation (5) is  

solved again wi th  replaced by + bZo . The i t e r a t i v e  process i s  
0 0 

continued u n t i l  some predetermined convergence condi t ion f o r  do is 

s a t i s f i e d .  

A complete exposi t ion of t h i s  method may be found i n  re ference  4, 

x +1/2 
( 6 )  

i - 
Yi = Cj Ad lxi-1/2 exp [-41n2(x-p j ) a h ? ]  dx + B(xi-xl) + C 

The subsc r ip t  j i d e n t i f i e s  t h e  Gaussian (js), and B and C a r e  t h e  

parameters of t h e  l i n e a r  background. A l l  photopeaks a r e  assumed t o  have t h e  

same ful l -width.  With multichannel analyzers  of a moderate number of channels,  

e.g.  400 or  512 channels ,  and G e ( L i )  detectors, the energy r e so lu t ion  of t h e  

analyzer  can be an appreciable  f r ac t ion  of t h e  de t ec to r  r e so lu t ion .  A good 

f i t  t o  t h e  da ta  by in t eg ra t ion  across  t h e  channel width. T h i s  modif icat ion 

of t h e  normal procedure adds only a f d w  s ta tements  t o  t h e  computer program. 

Subs t i t u t ing  equation (6) i n t o  equation (31, t h e  l i n e a r i z e d  funct ion 

is, for  J photopeaks, given by 
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- 
yi = yi (a> + 6C + (xi-xl) 6B + (8ln2/w) ZJ A .  1; 6w j=1 J 

+ (81n2/(u) CjZl A I iJ 6 clj + ZjZl J I A  i j  0 

k Xi+1/2 
[ (x-p >/w] exp [-41n2 (x-p I2/w2 3 dx 

I i j  J'x i -1/2 j j 

and 

Defining t h e  matrix A and the  vector  B a s  

(7 1 

The so lu t ion  f o r  6z0 

s a t i s f i e d .  

i s  i t e r a t e d  u n t i l  t h e  convergence c r i t e r i o n  i s  

3, Calculated Quant i t ies .  After the f i n a l  values  of t h e  parameters have been 

determined, t h e  est imated var iances  anc covariances a r e  ca l cu la t ed  according 

to 

..................... 

and 

[ S,&/(n-m) 3 Ai -1 covar (a CY ) = covar (a Q ) = 
i '  j j '  i 
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-1 where s is t h e  value of e fo r  t h e  f i n a l  parametersp A i s  t h e  

matr ix  inverse  t o  A fo r  the i t e r a t i o n  during,which convergence occurred, 

INiXl 

n is t h e  number of data po in t s  constdered, and m is t he  number of parameters 

determined. Equations (12) and (13) only g ive  es t imates  of t h e  t r u e  var iances  

a is chi-squared 'min and covariances s ince  it is not  s t r i c t l y  t r u e  t h a t  

d i s t r i b u t e d  with (n-m) degrees of freedom.' However, t hey  provide 

es t imates  of these  q u a n t i t i e s ,  and 

t h e  goodness of t h e  f i t .  

a/(n-m) is  a q u a l i t a t i v e  ind ica t ion  of 'min 

The photopeak a r e a s  and the  var iances  are determined from the 

following equations: 

and 

+ 2w AJ covar (w,A I ]  . 
j 

I11 - DESCRIPTION OF THE PROGRAM 

1. General Descr ie t ion.  The program c o n s i s t s  of t h e  main program, i . e ,  

GRPPFP, and three ex te rna l  subrout ines:  GAUSS, ENERGY, and MATEQU. The 

-------------- ---- 

program is under t h e  con t ro l  of GRPPFP. 

check t h e  da t a  ca rds ,  c a l c u l a t e  t h e  weights t o  be used, save t h e  parameters 

Its r e s p o n s i b i l i t i e s  a r e  t o  read and 

needed f o r  energy c a l i b r a t i o n  and c a l l  t h e  var ious subrout ines  i n  proper 

sequence. Subroutine GAUSS performs the nonl inear  leas t - squares  f i t  described 

i n  11.2 above. ENERGY c a r r i e s  out t h e  energy c a l i b r a t i o n  and determinat ion.  

Subroutine MATEQU is a matrix inversion subrout ine  used f o r  so lv ing  t h e  matr ix  
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+ - +  
equation Ax = b . A l i s t i n g  of t he  source language (FORTRAN IV) code for  

t h e  e n t i r e  program may be found i n  Appendix I .  

2 .  

con t ro l  s i n c e  it  c a l c u l a t e s  no q u a n t i t i e s  other than t h e  weights and var ious 

con t ro l  parameters. The da ta  deck for  t h e  program may be q u i t e  long and 

complex, and errors i n  t h e  order of t h e  cards a r e  probable.  For t h i s  reason, 

t h e  program checks t h e  order of the  da ta  ca rds  a s  i t  reads them by checking 

t o  see i f  they begin w i t h  the proper mnemonic name, e.g.  SPC, DFC, etc. 

These func t ions  a r e  handled i n  cards  28 through 83. I f  t h e  expected da ta  

ca rd  is not  found, an appropr ia te  error message is  p r i n t e d ,  f i t t i n g  of t h e  

cu r ren t  spectrum i s  terminated and t h e  program at tempts  t o  f i n d  t h e  da ta  f o r  

t h e  next  spectrum t o  be analyzed. 

The Main Program - GRPPFP. The primary func t ion  of GRPPFP is tha t  of ------------ -----------c 

A f t e r  t h e  da t a  ca rds  for t h e  cu r ren t  spectral f i t  and the photopeaks 

i n  t h a t  f i t  have been read,  t h e  weights are ca l cu la t ed  fo r  t h e  channels used 

i n  t h e  f i t  i n  cards  89 t o  100. There  a r e  three weighting opt ions  t h a t  may be 

used: 

1. w = l / Y i  i 

2.  w = 1  
i 

r 

3, i < Ymin f o r  y 

The weighting opt ion is  local t o  each f i t .  Following t h e  c a l c u l a t i o n  of the 

weighting d a t a ,  t h e  values  of t h e  con t ro l  and i n i t i a l  f i t t i n g  parameters a r e  

p r in t ed  
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Following t h e  ca l cu la t ion  of t h e  parameters by GAUSS, i f  energy 

c a l i b r a t i o n  is to  be performed f o r  t h e  cu r ren t  spectrum, t h e  names of t h e  

i so topes  and the  photopeak pos i t ions  and energ ies  along with t h e i r  s tandard 

dev ia t ions  a r e  saved i n  EDATA f o r  use by t h e  subrout ine ENERGY. Control is 

t r a n s f e r r e d  t o  card  61 and t h e  next f i t  i n  t h e  spectrum is begun. Upon 

encountering an end-of-spectrum (ENDSPC) ca rd ,  t h e  energy c a l i b r a t i o n  is 

performed and t h e  program begins on t h e  next spectrum* I f  any errors occur 

during any f i t  of a spectrum, the  energy c a l i b r a t i o n  opt ion w i l l  be overridden 

f o r  t h a t  spectrum, i . e .  no energy c a l i b r a t i o n  w i l l  be performed. 

3. Subroutine GAUSS. The function of t h i s  subrout ine is  t o  perform t h e  

nonl inear  least-squares  f i t  of the  sum of channel- integrated Gaussfans and t h e  

l i n e a r  background t o  t h e  da t a  using t h e  weights generated i n  GRPPFP. The 

leas t - squares  procedure employed makes use of a design matr ix  and an observat ion 

vec tor  a s  described by Archer et a l a 6  

ca rd  44. The elements of t h e  design matrix and observat ion vec tor  a r e  

ca l cu la t ed  through card  59 and from these t h e  matr ix  A and t h e  vec to r  B ; 

given by equations (9) and l o ) ,  a r e  determined. Af t e r  6; is  found, t h e  

new value of (IY is compared w i t h  the  upper and lower l i m i t s  imposed on the 

var ious  parameters. These l i m i t s  a r e  necessary t o  in su re  t h a t  t h e  f i n a l  

values  of t h e  parameters a r e  physical ly  reasonable.  I f  either t h e  upper OF 

lower l i m i t  c r i t e r i o n  is not  s a t i s f i e d ,  t h e  parameter i s  set equal t o  t h e  

appropr ia te  l i m i t  and a diagnost ic  message is pr in t ed .  

---------------- 

The i t e r a t i o n s  of t h e  f i t  begin wi th  

-+ 
0 

The va lue  of 6z0 ‘ is  

a l s o  compared with t h e  convergence l i m i t s  and i f  a l l  these c r i t e r i a  a r e  

s a t i s f i e d ,  con t ro l  is t r a n s f e r r e d  to  ca rd  102. I f  t h e  maximum number of 

i t e r a t i o n s  has  been taken without convergence, an error message and t h e  
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-8 

c u r r e n t  values  of 01 

con t ro l  is re turned t o  GRPPFP. However, t h e  program does not  r e s t o r e  t o  the 

next  spectrum, but cont inues f i t t i n g  i n  the  cu r ren t  spectrum. 

and 6z0 a r e  p r i n t e d ,  t h e  f i t  is terminated and 
0 

In  cards  102 through 130, t h e  goodness-of-fit parameter, t h e  

photopeak a reas  and the  s tandard devia t ions  of a l l  t he  parameters a r e  ca l cu la t ed ,  

and a summary of t he  resu l t s  of the  f i t  is pr in ted .  Control is  returned t o  

the  main program unless  a more complete p r in tou t  is des i red  in which case  a 

complete channel l i s t i n g  of t he  input da t a  and t h e  ca l cu la t ed  da ta  is 

provided 

The i n t e r n a l  func t ion  GSQUAD (cards  203 t o  213) c a l c u l a t e s  t h e  value 

of the  i n t e g r a l  Ik 

procedure. 

(see equation 0 )  by a f i v e  poin t  Legendre-Gauss 
ij 

7 

4.  Subroutine ENERGY. T h i s  subrout ine performs a l i n e a r  leas t - squares  f i t  

of t h e  photopeak energ ies  and pos i t ions  t o  t h e  equation 

---------------_- 

E i = a + b x  i + c x 2  i (16) 

Ei is the energy of t h e  i - th  photopeak i n  keV and x t h e  assoc ia ted  
i 

where 

photopeak pos i t i on  i n  channels. Using t h e  normal weighting procedure,  f o e o  

iu = l/aEa , where aE: is t h e  variance of Ei , is an improper approach 

s i n c e  i t  implies  t h a t  x is known p rec i se ly .  A better es t imate  of t h e  

weight t o  be assoc ia ted  w i t h  E is given by 

i i 

i 

i 

The i n i t i a l  es t imate  of b is found from 
i *  where a a  is t h e  var iance of x 

xi 
t h e  t w o  extreme c a l i b r a t i o n  photopeaks i n  card  19 and t h e  f i t  is i t e r a t e d  twice, 
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t h e  value of b from t h e  first i t e r a t i o n  being used t o  c a l c u l a t e  better 

es t imates  of the  weights f o r  the  second i t e r a t i o n ,  

A f t e r  t h e  second i t e r a t i o n  of t h e  f i t ,  t h e  values  of t h e  goodness of 

f i t  i nd ica to r  and t h e  s tandard deviat ions of the energy parameters a r e  c a l -  

cu la t ed  i n  cards  49 t o  59, and these parameters a r e  then p r in t ed .  Cards 63 

through 73 compare t h e  ca l cu la t ed  values  of t h e  energ ies  w i t h  t he  accepted 

values  and p r i n t  out t h e  resul ts  of t h e  comparison. Cards 7 8  through 85 

determine t h e  energy of t h e  unknown photopeaks. 

5 , l  Subroutine MATEgU. Given the elements of t he  matr ix  A and t h e  vec tor  

b t h i s  subrout ine determines t h e  vec tor  x , where PX' = b and t h e  

--------------- - 
-b -b + 

-1 inve r se  matr ix  A The method used is t h e  Gauss-Jordan e l imina t ion  

procedure modified f o r  maximum pivot element s e l e c t i o n  T h i s  method was 

9 chosen i n  s p i t e  of i ts  g r e a t e r  complexity because of t h e  accuracy i t  a f fo rds .  
+ +  

The matr ix  equation Ax = b where A is an n-dimensional square 
--+ + 

matrix and b and x are n-dimensional vec tors  may be represented as a sex 

of n equations r e l a t i n g  n unknowns: 

allXl + a12x2 + . * " +  a x = bl In  n 

+ a x = b2 a21x1 + a22x2 2n n 

t h  The r egu la r  Gauss e l iminat ion procedure" c o n s i s t s  of n s t eps :  i n  t h e  k 

s t e p ,  t h e  kth equation is solved f o r  x and t h e  r e s u l t  used t o  e l imina te  k 

x from a l l  the succeeding equations.  After n such e l imina t ions ,  the 
k 

c o e f f i c i e n t  a r r a y  has been reduced t o  upper t r i a n g u l a r  form. The s o l u t i o n  

is completed by working backward from t h e  l a s t  equation t o  obta in  success ive ly  
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In  t h e  Gauss-Jordan method", t h e  kth equation is used i n  the  4, t h  

s t e p  t o  e l imina te  x 

ones. The r e s u l t a n t  c o e f f i c i e n t  array is diagonal and no back s u b s t i t u t i o n  

is necessary t o  obta in  t h e  so lu t ion  vector  x In  t h e  kth s t e p ,  the 

element a is c a l l e d  t h e  p ivot  element and the  kth row the  pivot  row. 

If t h e  a r r a y  A is w r i t t e n  a s  an augmented a r r a y  of n rows and 

from t h e  preceding equat ions a s  w e l l  a s  the  following k 

-b 

kk 

+ 
n + 1 columns by appending t h e  vector  b t o  t h e  o r i g i n a l  array of 

c o e f f i c i e n t s ,  t h e  Gauss-Jordan algorithm may be w r i t t e n  as: 

for  k = 1, 2 ,  ..., n 

fo r  i = 1, 2,  . . ., k-1, k +1, ..., n 

for j = 1, 2 ,  ..., n ,  n+l  

a '  
i j  = a k k a i j  - 'ik'kj ' 

where k designates  t h e  p ivot  row, i i e  t h e  row being reduced and j is 

the element being reduced. This  algorithm has t w o  s e r ious  d e f i c i e n c i e s :  

(1) Since the  elements are computed by mul t ip l i ca t ion ,  t h e  numbers may r ap id ly  

exceed t h e  l i m i t s  of t h e  computer either by becoming too large or too small. 

(2) The assumption, i m p l i c i t l y  made above, t h a t  t h e  p ivot  element is non-zero 

i s  not always v a l i d .  A f t e r  t h e  f i r s t  reduct ion ,  the a v a i l a b l e  p ivot  elements 

a r e  not  t h e  o r i g i n a l  elements and i t  is e n t i r e l y  poss ib l e  t h a t  some of these 

may vanish.  

The sca l ing  d i f f i c u l t i e s  can be remedied by d iv id ing  t h e  p ivot  row 

by its diagonal element, i .e.  t h e  p ivot  element,  before  reducing the  o the r  

rows. The algorithm is  then 

for  k = 1, 2 ,  ..., n 

fo r  i = 1, 2 ,  ..., k-1, k+l ,  ..., n 

f o r  j = 1, 2 ,  . O . ,  n ,  n 1 

'ij a i j  - 'ik'kj 
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Division a s  performed by a computer is an approximate process s i n c e  

t h e  cont inuing d i g i t s  of t he  quot ient  are t runcated.  

may be minimized i n  t h e  reduction process by s e l e c t i n g  a t  each step t h a t  

element w i t h  the  g r e a t e s t  magnitude for use a s  t h e  p ivo t  element. T h i s  

w i l l  a l s o  e l imina te  the second d i f f i c u l t y  mentioned above. The r e s u l t i n g  

matr ix  w i l l  not be diagonal ,  but w i l l  have only one u n i t  element i n  any row 

T h i s  round-off error 

o r  column. The algorithm must designate  t h e  rows and columns t h a t  have been 

used i n  the reduct ion process s i n c e  once a row or column has been selected, 

i t  cannot again be used. A f t e r  completion of the  e l imina t ion  process, the 

rows must be reordered so t h a t  t h e  so lu t ion  vec tor  w i l l  appear i n  normal 

form. If a t  any poin t  i n  the  el iminat ion a l l  the  a v a i l a b l e  p ivot  elements 

a r e  zero, t h e  set of equat ions is s ingular  and no so lu t ion  e x i s t s .  

-I+ + 
The inverse  of t h e  transformation px’ = 5; is given by A b = x 

which may be represented a s  

+ b + * *  + l n l b n  = x1 %lb1 21 2 

Xl2bl + b + * * + xn2bn = x2 22 2 

n xlnbl + x2nb2 + * ’  + 3 b = x nn n 

where 3 i s  the 
i d  

column of A i s  

bk equal t o  un i ty  

thus  be determined 

-1 

reduced cofactor of 

the  so lu t ion  of t h e  

and a l l  other b’s 

by n appl ica t ions  
A 

t h  a .’ It  fol lows t h a t  t he  k 
i j  

o r i g i n a l  equat ions obtained by s e t t i n g  

equal t o  zero.  The a r r a y  A-’ may 

of t h e  Gauss-Jordan reduct ion wi th  

appropr i a t e  choices for  t h e  vec to r  $ . However, once an element of t h e  

c o e f f i c i e n t  a r r a y  has been used a s  a p ivo t  element, t h e  elemento i n  t h e  

column conta in ing  tha t  elarent vanish and are not  a o d i f i e d  i n  aby subrequent 
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reduct ions.  

simultaneously with the  so lu t ion  vector by rep lac ing  t h e  pivot  column 

elements w i t h  the  appropr ia te  vector b before  reduct ion.  Since t h e  pivot  

elements a r e  not necessa r i ly  diagonal elements, t h e  columns must be reordered 

t o  obta in  the  proper inve r se  matrix,  

Therefore t h e  columns of t h e  inverse  a r r a y  may be ca l cu la t ed  

-b 

5 . 2  Descrie~ion-oS-tPn-Hource L~pguage-~gie.  Two l i n e a r  a r r ays  a r e  used i n  

t h e  program t o  keep t r ack  of t h e  order  of inc lus ion  of t h e  rows and columns 

i n  t h e  reduction process.  They a r e  i n i t i a l l y  set equal t o  t h e  in t ege r s  i n  

t h e i r  na tu ra l  order. During reduct ion,  t h e  number of the f i r s t  pivot  row 

w i l l  be s to red  a s  t h e  first element of t h e  row a r r a y  and, s i m i l a r l y ,  t h e  

number of t he  first pivot  column w i l l  be s to red  a s  t h e  first element of t h e  

column ar ray .  The numbers of the  second p ivot  r o w  and column w i l l  be stored 

i n  t h e  second elements of t he  a r r ays ,  etc. 

s t e p  of t h e  reduct ion,  t h e  f i r s t  k elements of these a r r ays  w i l l  be t h e  

numbers of t h e  p ivot  rows and columns already used i n  t h e  order  of t h e i r  

u s e  and t h e  remaining n-k elements w i l l  be the numbers of t h e  rows and 

columns which a r e  still  ava i l ab le  f o r  use. 

Af t e r  completion of t h e  kth 

The arguments of t he  subroutine a r e  A ,  B, IDIM,  X, A I N V ,  IFLAG, and 

NDIM where A is the array of c o e f f i c i e n t s ,  B t h e  vec tor  on t h e  r i g h t  side 

of t h e  matrix equat ion,  X is t h e  s o l u t i o n  vec to r ,  AINV is the  inve r se  

matrix of A , IFLAG is an error i n d i c a t o r ,  and NDIM g ives  dimensioning 

information from t h e  c a l l i n g  program, i .e .  i t  is necessary t h a t  A and 

AINV a r e  dimensioned t o  be NDIM-by-NDIM square a r r a y s  and t h a t  B and X 

a r e  NDIM-dimensional l i n e a r  arrays i n  t h e  c a l l i n g  program. The r e s u l t s  of 

t h e  subrout ine a r e  re turned t o  t h e  c a l l i n g  program through X and AINV. 
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Since t h e  o r i g i n a l  elements of A and B a r e  modified during t h e  reduct ion 

process, they a r e  saved by t r ans fe r r ing  them immediately i n t o  AINV and X i n  

ca rds  20 through 26 and performing a l l  opera t ions  on these  l a t t e r  a r r ays .  

T h i s  s ec t ion  a l s o  i n i t i a l i z e s  the  a u x i l i a r y  row and column a r r a y s ,  M and 

N r e spec t ive ly  a 

Cards 32 through 42 search t h e  elements of the c o e f f i c i e n t  a r r ay  

which a r e  a v a i l a b l e  for  use a s  pivot elements f o r  t h e  maximum element, Once 

i t  is found, i t s  coord ina tes  are saved a s  KI and KJ KM and KN a r e  t h e  

l o c a t i o n s  i n  t h e  row and column a r r a y s  which conta in  K I  and KJ respec t ive ly .  

Cards 48 t o  51 interchange t h e  elements i n  t h e  row and column a r r a y s  so t h a t  

KI and KJ occupy t h e  Kth pos i t ions  and t h e  o r i g i n a l  Kth elements a r e  

moved t o  t h e  KMth and KNth pos i t ions .  

The p ivot  element is saved a s  PIV and according t o  t h e  procedure fo r  

determining t h e  inverse  matr ix ,  t h e  p ivot  element i s  then set equal t o  un i ty .  

The absolu te  value of PIV is  compared with COEFFl t o  check f o r  matr ix  

s i n g u l a r i t i e s  and f o r  gross  round-off e r r o r s .  The following DO-loop s c a l e s  

t h e  p ivot  row and t h e  corresponding element of t h e  so lu t ion  vec tor  by the  

p ivot  element a 

Cards 67 t o  78  reduce t h e  other rows of the a r r ay  a s  w e l l  a s  t he  

elements of t h e  so lu t ion  vec tor .  The element of t h e  row being reduced which 

is i n  the p ivot  column is  saved a s  FAC and t h e  o r i g i n a l  element is  set t o  

zero  as required f o r  t h e  computation of t h e  elements of t h e  inverse  matr ix ,  

Af t e r  completion of t h e  r o w  reduct ions,  control i s  returned t o  card  32 and 

t h e  next  s t e p  i n  t h e  reduct ion takes place.  

In  t h e  reduction process,  round-off errors can be annoying i f  not 

f a t a l .  Since a l l  t h e  d i g i t s  c a r r i e d  by t h e  computer are not  s i g n i f i c a n t ,  a 
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reduced a r r a y  element which should vanish may not do so. 

72 t o  74 is t o  set a r r ay  elements equal t o  zero  which a r e  less than a given 

The purpose of ca rds  

f a c t i o n  of t h e  o r i g i n a l  element. This  f a c t i o n  is  determined by t he  number 

of s i g n i f i c a n t  d i g i t s  c a r r i e d  by t h e  computer. This  is  a d i s t i n c t  advantage 

over  the  method which simply compares t h e  new element w i t h  some predetermined 

cons t an t ,  t h e  value of which can only be properly determined i f  a l l  t h e  

elements of t h e  matrix are known, an imposs ib i l i t y  i n  t h i s  program. 

A f t e r  t h e  DO-loop ending with card  78 has been s a t i s f i e d ,  reduct ion 

i s  completed and reordering of t h e  rows and columns takes  place.  A l l  t h e  

information needed f o r  t h e  rearrangements i s  contained i n  t h e  t w o  a u x i l i a r y  

a r r ays .  In  the  Kth s t a g e  of reduct ion,  row % was the  pivot  row and NK 

t h  
NK was the  p ivot  column, i .e .  t h e  "Ikth equation was solved f o r  t he  

t h  
K unknown (see equat ions 18). I n  order  t h a t  the N t h  unknown be the N 

element of the so lu t ion  vec to r  X , row should be interchanged w i t h  

r o w  NK. Reference to t h e  discussion following equat ions (19) w i l l  show 

tha t  the elements i n  column 

matr ix  s i n c e  the  N 

K 

a r e  the  elements of column M of t h e  i nve r se  NK K 
th column of t h e  a r r ay  was replaced by the  column vec tor  

K 
-b + 
c where CMK was equal t o  uni ty  with a l l  t h e  o the r  elements of c equal t o  

zero,  Thus column N whould be interchanged with column e The 

reordering may be summarized as  follows: 

K 

Original  Pos i t i on  Correct Pos i t  ion 

MK NK 

NK % 

Rows : 

Columns : 

Since t h e  reordering is done e n t i r e l y  wi th in  t h e  a r r ays  AINV and X , t h e  

procedure I s  complicated by the  f a c t  t h a t  a row or column may occupy severa l  
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d i f f e r e n t  pos i t i ons  i n  the  a r r a y  before completion of the  rearrangement. The 

a u x i l i a r y  row and column a r r a y s  a r e  a l t e r e d  a s  t h e  reordering progresses t o  

keep t r a c k  of t h e  cu r ren t  posi t ions of t h e  rows and columns. 

The reordering is  ca r r i ed  out i n  two s t e p s .  F i r s t  t h e  rows of t h e  

augmented matrix a r e  rearranged and then t h e  columns of t h e  inverse matrix 

a r e  reordered. The row rearrangements a r e  made i n  ca rds  89 through 97. 

S t a r t i n g  w i t h  K = 1 , t h e  K element of t h e  row a r ray  is compared w i t h  
t h  

t h e  Kth element of t h e  column array.  If MK = NK , t he  ath row of t h e  

augmented matrix is already i n  its proper place and no interchange of rows 

th row i s  interchanged is necessary. If t h e  elements are unequal, t h e  M 
K 

with t h e  NK th row of t h e  augmented matr ix ,  The a c t u a l  interchange of 

elements t akes  p l ace  i n  cards 48 t o  54. 

After  t h e  interchange has been e f f e c t e d ,  t h e  r o w  a r r a y  is  searched 

'k 
forward from t h e  Kth 

e ,g.  MI - - NK a To correspond t o  t h e  interchange of rows % and NK , 

is replaced by "$r 

augmented matrix now contains  the proper elements according t o  t h e  considerat ions 

discussed above and w i l l  be involved i n  no f u r t h e r  interchanges.  In  order t o  

element u n t i l  t h a t  element is found which equals  

MI 

Due t o  t h e  rearrangement, t h e  NK th row of t h e  

preserve t h e  information needed f o r  t h e  column reordering,  t h e  Kth element of 

t h e  row a r r a y  is replaced not b y  M , but by t h e  value of t h e  subsc r ip t  I, 

Were i t  replaced by 

and column a r r a y s  would be iden t i ca l  and t h e  proper column reordering could 

n o t  be made. By preserving t h e  subsc r ip t  of t h e  pos i t i on  i n  t h e  row a r r a y  i n  

was found, t h e  information t h a t  t he  which t h e  row a r r a y  element equal t o  

Ith element of t h e  row a r r a y  was  interchanged w i t h  t h e  Kth element is  

preserved. 

I 

MI , af ter  t h e  row rearrangements were completed, t h e  row 

NK 

T h i s  w i l l  prove s u f f i c i e n t  t o  reorder the columns properly,  When 
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1 
I 
I 
I 
I 

I 
I 

I 
8 
1 
I 

n 

t h e  DO-loop ending with card  107 is s a t i s f i e d ,  the rows a r e  i n  proper 

order  

The column rearrangements begin w i t h  ca rd  113. S t a r t i n g  with t h e  

l a s t  element of t h e  row a r ray ,  t h e  value of t h e  

with the  value of i t s  subscr ip t .  I f  they a r e  equal ,  no rearrangement is 

necessary e 

w i t h  column NMK To record t h i s  move, N is interchanged w i t h  

T h i s  procedure is repeated f o r  a l l  t h e  elements of t he  row a r r a y ,  The 

o v e r a l l  r e s u l t  is t h a t  t h e  column interchanges a r e  j u s t  t h e  r o w  interchanges 

performed i n  r eve r se  order .  

Kth element is compared 

I f  'Lp( is not  equal t o  K , t h e  NK th column i s  interchanged 

NK ' MK 

IV - DESCRIPTION OF THE INPUT DATA 

1. ~ ~ d e r L ~ g , ~ f - 4 h z - o a 4 a - ~ e ~ ~ ~  The da ta  cards  a r e  read and checked 

f o r  proper order by t h e  main program. If t he  ca rds  a r e  found not  to  be i n  t h e  

proper order ,  t h e  program terminates f i t t i n g  i n  t h e  cu r ren t  spectrum and 

a t tempts  to f i n d  t h e  da ta  cards  for  t h e  next  spectrum a f t e r  having p r in t ed  

an e r r o r  message. The order of t h e  da ta  ca rds  is shownon page 44. A 

pr in t ed  l i s t i n g  of t h e  da ta  cards  i n  a sample da ta  deck is given i n  Appendix 

XI. A pr in tou t  of t h e  r e s u l t s  of t h e  program w i t h  t h i s  set of da t a  is shown 

i n  Appendix I11 e 

2. Descriet ion of the  Cards (SFC). This must be t h e  f i r s t  of the ------ --_-----------------__o 

data  ca rds  f o r  each spectrum. The information on t h i s  ca rd  is global  f o r  

a l l  f i t t i n g  i n  t h e  spectrum. However, i f  errors occur i n  any of t h e  f i t s ,  

JENGY w i l l  be set equal t o  1. 
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Card Mn emon i. c 
Columns Name Format Meaning 

1-3 "SPC" A6 Mnemonic name checked by program 
11-16 SPEC A6 Alphanumeric spectrum i d e n t i f i -  

21 JENGY I1 Energy c a l i b r a t i o n  opt ion:  
ca t ion  l a b e l  

0 - energy c a l i b r a t i o n  t o  be 
performed 
1 - no energy c a l i b r a t i o n  

2.2. Data Parameter Card (DPC). One da t a  parameter card  must appear ......................... 
f o r  each segment of input  spec t r a l  da t a  and must be followed by a t  l e a s t  one 

Spec t ra l  Data Card. 

Card Mnemonic 
C O l ~ S  N a m e  Format Meaning 

1-3 "DPC" A6 Mnemonic name checked by program 
11-13 I C H l  13 Channel number of first s p e c t r a l  

21-23 ICE4 13 Channel number of l a s t  s p e c t r a l  
datum 

datum 

2.3. Spect ra l  Data Cards. These cards  canta in  t h e  s p e c t r a l  da ta  - ..---------------- 
s p e c i f i e d  by t h e  preceding Data Parameter Card. The cards  a r e  numbered 

s e r i a l l y  beginning with $1. A maximum of seven channels of da t a  is allowed 

p e r  card.  

Card Mnemonic 
Columns N a m e  

1-2 ICK 
11-20 DATAIN(1) 
21-30 DATAIN (2 ) 

71-80 DATAIN ( 7 ) 
. . *  . . . . . e  

Format Meaning 

12 S e r i a l  number 
F1O.O F i r s t  s p e c t r a l  datum 
F10.0 Second s p e c t r a l  datum 

F10.0 Seventh s p e c t r a l  datum 
0.0...0.......**. ... 
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2.4.  ENDATA Card. This card  ind ica t e s  t o  t h e  program t h a t  a l l  t h e  ----------- 
s p e c t r a l  da t a  has been read. I t  contains  t h e  mnemonic "ENDATA" i n  card 

1 
I 

columns 1 t o  6 and is read under an A6 format spec i f i ca t ion .  

2.5. F i t t i n g  Parameter Cards (FPC), These a r e  fou r  cards  containing _----- ..................... 
con t ro l  information f o r  t h e  f i t .  There must be one set of FPC cards  for each 

f i t .  Note t h a t  they a l l  have t h e  same mnemonic name so t h a t  t h e  program 

1 
I 
I 
I 
1 
1 
I 
I 
I 

checks t o  see t h a t  t h e r e  a r e  fQur FPC ca rds  but does not  check t h e i r  o rder ,  

Card Mnemonic 
Columns Name Format Meaning 

F i r s t  f i t t i n g  parameter card:  

1-3 
11-13 

'lFPC" 
NCHl 

A6 
13 

Mnemonic name checked by program 
F i r s t  channel of da t a  t o  be used i n  
t h e  f i t  
Last  channel of da t a  t o  be used in 
t h e  f i t  
Maximum number of i t e r a t i o n s  t o  be 
performed 
P r in tou t  opt ion:  
0 - summary form only 
1 - summary and channel l i s t i n g  forms 
Weighting opt ion:  
0 - Wi = l / Y i  

21-23 NCH2 I3 

31 

41 

ITRMAX I1 

I1 JPRINT 

51 JWT I1 

l - W i = l  
1 

2 -  if 

if < Y  
yb4Ax i 

F10.0 
F10.0 

Used i f  JWT = 3 
Used i f  JWT = 3 

61-70 
71-80 

YMIN 
YMAX 

Second f i t t i n g  parameter card:  

1-3 "FPC" A6 Mnemonic name checked by program 
11-20 BKG(1) F1O.O I n i t i a l  es t imate  f o r  background 

21-30 BKGMIN(1) F10.0 Lower l i m i t  f o r  background in t e rcep t  
i n t e r c e p t  parameter 

parameter 
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Card Mnemonic 
Columns Name Format Meaning 

31-40 BKGbUX(1) F1O.O Upper l i m i t  f o r  background 

41-50 BKGCON(1) F1O.O Convergence c r i t e r i o n  f o r  background 
i n t e r c e p t  parameter 

i n t e r c e p t  parameter 

Third f i t t i n g  parameter card: 

1-3 "FPC A6 Mnemonic name checked by program 
11-20 BKC(2) F10.0 I n i t i a l  es t imate  f o r  background 

21-30 BKGMIN(2) F10.0 Lower l i m i t  f o r  background s lope  

31-40 BKcMAx(2) F1O.O Upper l i m i t  f o r  background s lope  

41-50 BKcCON(2) F1O.O Convergence c r i t e r i o n  f o r  background 

s lope  parameter 

parameter 

parameter 

s lope  parameter 

Fourth f i t t i n g  parameter card:  

1-3 "FX " A6 Mnemonic name checked by program 
11-20 WB F1O.O I n i t i a l  estimate f o r  photopeak 

21-30 WIdYIN F1O.O Lower l i m i t  f o r  photopeak width 

31-40 WayAx F1O.O Upper l i m i t  f o r  photopeak width 

41-50 W$CON F1O.O Convergence c r i t e r i o n  f o r  photopeak 

width parameter 

parameter 

parameter 

width parameter 

Peak Parameter Cards (PFC). These a r e  t h r e e  cards  containing 2.6. -------------L---_------- 

con t ro l  information f o r  each peak i n  t h e  f i t .  There must be one set of PPC 

cards  f o r  each peak. Note t h a t  they a l l  have t h e  same mnemonic name so t h a t  

t h e  program checks t o  see t h a t  there  a r e  t h r e e  ca rds  but does not  check 

t h e i r  order .  

Card Mnemonic 
Columns  Name Format Meaning 

F i r s t  peak parameter card: 

1-3 lPPC" A6 Mnemonic name checked by program 
11-16 I STP A6 Alphanumeric i so tope  name 
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Card Mnemonic 
Columns Name Format 

21 ITYPE I1 

31-40 ENGY(1) F10.0 
41-50 ENGY(2) F10.0 

Second peak parameter c a r d :  

1-3 "PFC I t  A 6  
11-20 XB F10.0 

21-30 XfdMIN F10.0 

31-40 x0MAx F10.0 

41-50 XWON F10.0 

Third peak parameter card:  

1-3 "PPC " A 6  
11-20 AB F10.0 

21-30 ABMIN F10.0 

3 1-40 A B M  F10.0 

41-50 A0CON F10.0 

Meaning 

Photopeak type  ind ica to r :  
1 - c a l i b r a t i o n  photopeak 
2 - uncal ibra ted  photopeak 
3 - o the r  
Accepted energy of photopeak 
Standard devia t ion  of t h e  accepted 
photopeak energy f o r  ITYPE photo- 
peaks 

Mnemonic name checked by program 
I n i t i a l  es t imate  f o r  photopeak 
c e n t e r  parameter 
Lower l i m i t  f o r  photopeak c e n t e r  
parameter 
Upper l i m i t  f o r  photopeak c e n t e r  
par  am8 t er 
Convergence c r i t e r i o n  f o r  photopeak 
c e n t e r  parameter 

binemonic name checked by program 
I n i t i a l  estimate f o r  photopeak 
he ight  parameter 
Lower l i m i t  f o r  photopeak he ight  
parame't er 
Upper l i m i t  f o r  photopeak he ight  
parameter 
Convergence c r i te r ion  for  photopeak 
he ight  parameter 

2.7. ENDFIT Card. This  card  s i g n a l s  t h e  end of da ta  f o r  t h e  cu r ren t  ---------_- 
f i t .  Upon encountering t h i s  ca rd ,  t h e  program s tops  reading t h e  da t a  deck 

and performs t h e  f i t ,  and i f  t h e  f i t  is  completed normally,  begins reading 

da ta  f o r  t h e  next f i t .  

2.8. ENDSPC Card. This  card  i n d i c a t e s  t h e  end of da t a  f o r  t h e  ----_----__ 
cur ren t  spectrum. Upon encountering t h i s  ca rd ,  t h e  program does t h e  energy 
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c a l i b r a t i o n  and determination i f  JENGY = fd and then begins reading data for 

t h e  next  spectrum. 

2 . 9 .  ENDPRB Card. This  card ind ica tes  the  end of t h e  data deck -----"----- 
and must be t h e  l a s t  card of the  deck. 
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3. Test ing  of Large Volume S i l i c o n  Detectors. 

During the  per iod covered by t h i s  report ,  f u r t h e r  experiments were 

conducted t e s t i n g  t h e  response of very l a r g e  volume l i t h ium d r i f t e d  s i l i c o n  

d e t e c t o r s  t o  high energy protons.  Two detectors were cons t ruc ted ;  one of them 

had dimensions 1 cm deep by 1.5 c m  wide by 12 c m  long and t h e  o ther  was 1 c m  

deep by 2.5 c m  wide by 12 c m  long. Each of t h e  detectors was set up so t h a t  

high energy protons were inc ident  p a r a l l e l  t o  t h e  length  and could be stopped 

wi th in  the  de tec to r  volume. Preliminary experiments had been c a r r i e d  out 

w i t h  t h e  f i r s t  de t ec to r .  An asymmetric peak w i t h  a high amplitude l o w  energy 

t a i l  was observed, an e f f e c t  which could not be convincingly ascr ibed  t o  8 

p a r t i c u l a r  cause. Since it  was f e l t ,  however, t h a t  mu l t ip l e  s c a t t e r i n g  could 

be a s i g n i f i c a n t  e f f e c t ,  t h e  second de tec to r  was d r i f t e d ,  y ie ld ing  a device 

of somewhat l a r g e r  volume. 

Furthermore, experiments were c a r r i e d  out  w i t h  22 MeV protons a t  t h e  

Oak Ridge Isochronous Cyclotron. A cons iderable  amount of da ta  was taken w i t h  

both d e t e c t o r s  and each one showed e s s e n t i a l l y  t h e  same response. A t yp ica l  

spectrum of 22 MeV protons sca t t e red  from a carbon t a r g e t  is  shown i n  Fig.  5 ,  

The e l a s t i c  s c a t t e r i n g  peak is qu i t e  symmet r i c  and no high amplitude t a i l  is  

observable.  The effect observed a t  h igher  energ ies  is t he re fo re  not  caused 

by t rapping  within the  de tec to r  volume, poor charge c o l l e c t i o n  near  t h e  edge 

of t h e  de t ec to r  o r  a dead l a y e r  a t  t h e  edge of t h e  de t ec to r .  I f  any of these 

were the  cause,  t h e  effect would a l s o  be observable a t  22 MeV and would most 

1 i k e l y  be worse. 

As a r e s u l t  of these experiments, f u r t h e r  work was performed using 

160 MeV protons from t h e  Harvard cyclotron.  

both y i e lded  i d e n t i c a l  response. A t  t h i s  po in t  it was decided t o  check t h e  

Both detectors were used and 
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Figure 5 .  Spectrum of 22 MeV protons a f t e r  sca t ter ing  from a carbon targe t  

a s  measured with one of the  l a r g e  volume l i th ium d r i f t e d  s i l i c o n  

de tec tors .  
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alignment of t h e  c r y s t a l .  Changes i n  t h e  hor izonta l  alignment of t h e  

c r y s t a l  proved t o  have l i t t l e  e f f e c t .  

of t h e  protons o r  moving the  de tec tor  perpendicular t o  t h e  beam a l t e r e d  t h e  

response over a f a i r l y  broad range. 

Neither changing the  en t rance  angle  

However, changes i n  the  v e r t i c a l  alignment proved t o  be extremely 

c r i t i ca l .  

be seen i n  Fig. 6. The peak became much more asymmetric and t h e  de t ec to r  

was then r a i s e d  and lowered 1/16" w i t h  respec t  t o  a 1/4" col l imator  confining 

t h e  beam. The r e s u l t  is shown i n  Fig. 7. 

The de tec to r  was t i l t e d  by 1' and t h e  change i n  t h e  response can 

The conclusion of t hese  experiments was q u i t e  c l e a r .  The asymmetric 

peak and l o w  energy t a i l  is the r e s u l t  of small angle  mul t ip le  s c a t t e r i n g  of 

t h e  inc ident  protons within t h e  de tec tor  as they l o s e  energy. The primary 

mechanism f o r  energy loss is by production of ion p a i r s  through Coulomb 

c o l l i s i o n s .  Each of t h e s e  c o l l i s i o n s  s c a t t e r s  t h e  proton through a very small 

angle .  S t a t i s t i c a l l y ,  most of t h e  protons s t a y  within the s e n s i t i v e  volume of 

t h e  detector and lose a l l  of t h e i r  energy. However, t h e  t o t a l  s c a t t e r i n g  angle  

a s  a r e s u l t  of these c o l l i s i o n s  may be s u f f i c i e n t l y  l a r g e  t h a t  a s i g n i f i c a n t  

f r a c t i o n  l eave  the detector before  l o s i n g  a l l  of t h e i r  energy. The observed 

peak w i l l  then be asymmetric and reduced i n  amplitude r e l a t i v e  t o  the  back- 

ground. The effect becomes more pronounced i f  t h e  protons a r e  not  inc ident  a t  

t h e  exact  c e n t e r  of the  s e n s i t i v e  area and t h i s  i s  c l e a r l y  shown i n  Fig.  7 .  

The conclusion of t h i s  experiment is t h a t  it is not  f e a s i b l e  t o  use  

s i l i c o n  detectors f o r  de tec t ion  of protons above 100 MeV i n  energy i f  good 

r e so lu t ion  is needed. Germanium de tec to r s  a r e  more usefu l  f o r  t h i s  work 

s i n c e  t h e i r  l ength  is somewhat sho r t e r  f o r  de t ec t ing  t h e  same energy p a r t i c l e  

and the  e f f e c t  of mul t ip le  s c a t t e r i n g  is reduced. 
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Figure 6 .  Two photographs showing the  response of t h e  s i l i c o n  detector  when 

the  v e r t i c a l  alignment i s  a l t ered .  In the  bottom photograph t h e  

detector  has been t i l t e d  by lo, with a corresponding increase i n  

the  asymmetry of the  peak and of reduction i n  its amplitude 

r e l a t i v e  to the  l o w  energy background. 
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Figure  7 .  Three photographs showing t h e  e f f e c t  of ad jus t ing  t h e  v e r t i c a l  

height  of t he  s i l i c o n  de tec tor .  The beam col l imator  i s  kept 

f ixed  i n  pos i t i on  and the  d e t e c t o r  t i l t e d  a s  i n  Fig.  5 has been 

r a i sed  1/16" i n  t h e  top  photograph and lowered 1/16" i n  t h e  

bottom photograph relat ive t o  t h e  pos i t i on  i n  t h e  middle photograph. 




